Third-order nonlinearity in Ge-

Introduction
All-optical signal processing is seen as critical for future telecommunication networks to address the growing demand for network flexibility, low cost, energy consumption, etc. [1] To realize all-optical switching (AOS), materials with large Kerr nonlinearity, ultrafast response time, as well as low linear, and nonlinear losses are required. Typically, transparent glasses with large nonlinearity are excellent candidates for AOS [2, 3] . As well known, the presence of atoms with large polarizability (e.g. Sb atom) in the glass composition increases the nonlinear refractive index of the material. Gómez refractive index (×100 -×1000 of silica) and ultrafast optical response (~100 fs), which make them excellent candidates for the third-order nonlinear optical materials [5] [6] [7] [8] [9] . In the past few years, near-IR and short-wave IR nonlinear optical properties of chalcogenide glasses, namely, the nonlinear refraction index (n 2 ), have been extensively studied. [10] . However, the characterization of the nonlinear (NL) optical absorption and NL refraction of chalcogenide glass has been limited to the wavelengths of visible or near-IR less than 1686 nm [11] .
The multi-photon absorption (MPA) places a basic limitation on the efficiency of any high nonlinear refraction index (n 2 ) materials in AOS schemes based on an intensity dependent refractive index, especially the strong two-photon absorption (TPA) in chalcogenide glasses. At telecom wavelengths, relatively high peak intensity is usually demanded to initiate the third order Kerr nonlinearity, simultaneously lead to a strong TPA. As a result, the high Kerr nonlinearity and relatively weaker MPA beyond the TPA region come to a combination, which makes chalcogenide glasses highly promising for nonlinear applications at mid-IR wavelengths [10, 12] . The enormous research on the supercontinuum generation from near-IR to mid-IR also demands the nonlinear properties of chalcogenide glasses at mid-IR wavelengths.
Nonlinear refraction (NLR) and TPA coefficient can be measured by Zscan technique [13] , in which a sample is scanned near the focal region of a obtained from an open-aperture Z-scan must be taken into account in the closed aperture Z-scan modeling [14, 15] .
This paper reports on the measurements of the third-order nonlinearity of a compositional series of Ge-Sb-Se chalcogenide glasses using the Z-scan technique at the wavelengths of 1550 nm, 2000 nm and 2500 nm, respectively.
Values of nonlinear refractive index (n 2 ) and TPA or three-photon absorption coefficient (3PA) at corresponding wavelengths were obtained.
Experiment
In this experiment, a series of Ge 20 
with w a denoting the beam radius at the aperture for very low incident power.
A closed-aperture Z-scan experiment corresponds to S<1, which is employed for n 2 measurements, while S=1 is used for the determination of α 2 [16, 17] .
The MPA coefficient and nonlinear refractive index 
Results and discussion
As can be seen in Fig. 1 , optical absorption spectra of Ge-Sb-Se glass samples (0.5 mm) were recorded from 500 nm to 2500 nm. We can find that the absorption edge λ vis , defined as the absorption coefficient at 10 cm In the absorption spectrum of the glass, optical absorption in the ultraviolet region is decided by the intrinsic absorption of matrix inside, photon energy which is corresponded to the absorption edge is defined as the optical band gap [21, 22] . In recent years, optical band gap (E g ) of glasses has been considered having a great correlation with third-order nonlinear properties [23] [24] [25] (4) where α is the linear absorption coefficient, hυ is the incident photon energy, B is the electronic transition constant, exponent m is a parameter related to electron transition species caused by optical absorption. m=0.5 represents a direct allowed optical transitions (E dg ), while m=2 represents indirect allowed optical transitions (E ig ) [26, 28] . Figs. 2a and 2b describe E ig and E dg of the Ge-Sb-Se glass samples, respectively. Some information can be acquired directly from the experimental curves: with the Sb content increases from 0% to 10%, the value of E ig decreases from 1.71 eV to 1.66 eV, and the value of E dg decreases from 1.62 eV to 1.57 eV. According to the above conclusion, this behavior indicates that the Ge 20 Sb 10 Se 70 glass have the highest n 2 among these Ge-Sb-Se glass samples. The material parameters for the Ge-Sb-Se glass samples are summarized in Table I. According to Miller's rule and Ref [11] , the nonlinearity of one material can be estimated from the refractive index n 0 by following equation,
According to equation (5), the nonlinearity at different wavelengths can be estimated. Fig. 3 shows the dependence of refractive index n 0 and the nonlinear refractive index n 2 on the wavelength, respectively. Clearly, both of them decreased with increasing wavelength. However, the estimated tendency By fitting the curves with a classic procedure [18] [19] [20] , the nonlinear refractive index, n 2 , and the TPA (or 3PA) coefficient, α 2 (or α 3 ), of the three samples at 1550, 2000 and 2500 nm are calculated and listed in Table II, respectively. To ensure the accuracy of the measurements, the nonlinearity propertied of As 2 Se 3 glass at 1550 nm was referred. We can find that with the increase of operating wavelength, the values of n 2 increase first and then decrease. The largest value of n 2 is found at 2000 nm for all the three samples.
From Table 1 , the bandgap of the three glasses ranges from 1.71 to 1.66 eV for E ig (or 1.62 to 1.57 eV for E dg ). For the present chalcogenides, the large 3PA at 2000 nm can be attributed to electron band-to-band transition type since 1/3E g of the studied chalcogenide glasses is comparable to the hv at 2000 nm (hv = 0.62 eV) and smaller than it, thus n 2 behaviors of the chalcogenide glasses at 2000 nm is increased significantly when approaching to the 3PA resonance and the n 2 values are higher than those obtained from 1550 nm. As the wavelength goes to 2500 nm, as a result of the small photon energy (hv = 0.496 eV) that is below 1/3E g of the three samples, therefore, origination of the 3PA at 2500 nm is defect absorption tail below the band gap, namely from
Urbach absorption region. The weak Urbach type 3PA resulted in lower nonlinear refraction by the KK relations [18] ; and consequently the smallest n 2 value among the three testing wavelengths.
Usually, figure of merit (FOM) is used to evaluate the performance of the nonlinear optical material. Since the main limitation of the chalcogenide glasses to be applied in AOS at mid-IR wavelengths is the TPA and 3PA, FOM can be expressed by n 2 /(α 2 λ) and n 2 /(α 3 λI 0 ) (I 0 is the laser intensity at focus) for TPA and 3PA dominant materials, respectively. Normally, FOM>1
can be designed to the AOS devices while the FOM > 10 is ideal for efficient all-optical devices [32] . As presented in Table II 
Conclusions
In summary, we prepared a series of Ge-Sb-Se glass samples and 
